INTRODUCTION
In vitro digestion techniques have successfully predicted the energetic values of feed for pigs (Regmi et al., 2008) , but current methods are unsatisfactory for poultry (Valdes and Leeson, 1992; Losada et al., 2009 Losada et al., , 2010 . At least 2 problems exist in published in vitro digestion techniques for poultry (Sakamoto et al., 1980; Valdes and Leeson, 1992; Losada et al., 2009 Losada et al., , 2010 . First, digestive enzymes of porcine origin are used to simulated intestinal fluid of roosters (Sakamoto et al., 1980; Cl- ABSTRACT: Four experiments were conducted to evaluate the effectiveness of a computer-controlled simulated digestion system (CCSDS) for predicting apparent metabolizable energy (AME) and true metabolizable energy (TME) using in vitro digestible energy (IVDE) content of feeds for roosters. In Exp. 1, the repeatability of the IVDE assay was tested in corn, wheat, rapeseed meal, and cottonseed meal with 3 assays of each sample and each with 5 replicates of the same sample. In Exp. 2, the additivity of IVDE concentration in corn, soybean meal, and cottonseed meal was tested by comparing determined IVDE values of the complete diet with values predicted from measurements on individual ingredients. In Exp. 3, linear models to predict AME and TME based on IVDE were developed with 16 calibration samples. In Exp. 4, the accuracy of prediction models was tested by the differences between predicted and determined values for AME or TME of 6 ingredients and 4 diets. In Exp. 1, the mean CV of IVDE was 0.88% (range = 0.20 to 2.14%) for corn, wheat, rapeseed meal, and cottonseed meal. No difference in IVDE was observed between 3 assays of an ingredient, indicating that the IVDE assay is repeatable under these conditions. In Exp. 2, minimal differences (<21 kcal/ kg) were observed between determined and calculated IVDE of 3 complete diets formulated with corn, soybean meal, and cottonseed meal, demonstrating that the IVDE values are additive in a complete diet. In Exp. 3, linear relationships between AME and IVDE and between TME and IVDE were observed in 16 calibration samples: AME = 1.062 × IVDE -530 (R 2 = 0.97, residual standard deviation [RSD] = 146 kcal/kg, P < 0.001) and TME = 1.050 × IVDE -16 (R 2 = 0.97, RSD = 148 kcal/kg, P < 0.001). Differences of less than 100 kcal/kg were observed between determined and predicted values in 10 and 9 of the 16 calibration samples for AME and TME, respectively. In Exp. 4, differences of less than 100 kcal/kg between determined and predicted values were observed in 3 and 4 of the 6 ingredient samples for AME and TME, respectively, and all 4 diets showed the differences of less than 25 kcal/kg between determined and predicted AME or TME. Our results indicate that the CCSDS is repeatable and additive. This system accurately predicted AME or TME on 17 of the 26 samples and may be a promising method to predict the energetic values of feed for poultry.
unies et al., 1984; Valdes and Leeson, 1992; Losada et al., 2010) . However, the activities of the porcine digestive enzymes used to imitate intestinal fluid may not represent the in vivo intestinal fluid of roosters. Furthermore, manual conduction of in vitro digestion procedures such as pH regulation, digestive enzymes injection, and separation of digested and undigested substance (Sakamoto et al., 1980; Clunies et al., 1984; Valdes and Leeson, 1992; Losada et al., 2010) may introduce error and contribute to unrepeatable procedures and imprecise results. Ultimately, repeatable techniques and realistic conditions are necessary to develop a successful in vitro digestion procedure. We developed a novel, in vitro computer-controlled simulated digestion system (CCSDS) with amylase, trypsin, and chymotrypsin, which are included in simulated small intestinal fluid at levels matching the activities of these digestive enzymes in jejunum (Ren et al., 2012a) , and designed to simulate the gizzard-intestinal digestion of roosters. To evaluate this innovative in vitro digestion method, this study was conducted to 1) test the repeatability of in vitro digestible energy (IVDE), 2) test the additivity of IVDE, 3) develop linear models to predict apparent metabolizable energy (AME) and true metabolizable energy (TME) using IVDE, and 4) validate the predicted AME and TME.
MATERIALS AND METHODS
All procedures were approved by the animal care and welfare committee of the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (Beijing, China).
Ingredients and Diets
A total of 22 samples including 6 grain, 7 plant protein, 1 animal protein, 1 grain byproduct, and 7 other ingredients were obtained from a commercial source (Wen's Food Group Co. Ltd., Guangdong, China), resulting in a variety of common dietary ingredients for Chinese yellow broilers (Table 1) . The grain ingredients were 3 samples of corn (A, B, and C), 2 samples of wheat (A and B), and 1 sample of sorghum. The plant protein ingredients were 2 samples each of soybean meal (A and B), cottonseed meal (A and B), and rapeseed meal (A and B) and 1 sample of sunflower meal. The animal protein ingredient was 1 sample of fishmeal. The grain byproduct ingredient was 1 sample of corn dried distiller's grains with solubles (DDGS). The other ingredients were as follows: 1 sample each of cassava, coconut meal, palm meal, peanut meal, and sesame meal and 2 samples of rice gluten meal (A and B).
Four diets were formulated to satisfy the energy and protein requirements of roosters (NRC, 1994;  Table 2 ): corn-soybean meal diet (CSM), corn-cottonseed meal diet (CCM), corn-soybean meal-cottonseed meal diet (CSCM), and starch-soybean meal-cottonseed meal diet (SSCM). Ingredients and diets were analyzed for DM, CP, crude fiber, ether extract, and GE at the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (Tables 1 and 2) .
Experimental Design
Four experiments were conducted in this study. The repeatability of IVDE concentration in corn, wheat, rapeseed meal, and cottonseed meal was evaluated in Exp. 1. The additivity of IVDE concentration of corn, soybean meal, and cottonseed meal in complete diets was tested in Exp. 2. In Exp. 3, linear models were developed to predict AME and TME using IVDE of 16 calibration feedstuff samples, and models were validated with determined AME and TME values of 10 samples for roosters in Exp. 4. Experiment 1. Four ingredients, corn C, wheat B, rapeseed meal B, and cottonseed meal B, were randomly selected among the calibration and validation samples (Table 1) .
The repeatability of IVDE was tested by determining the IVDE of each sample in 3 identical assays using CCSDS. Each assay contained 5 replicates of the same sample. Experiment 2. Three diets, CSM, CCM, and CSCM, were used to evaluate the additivity of IVDE of ingredients ( Table 2 ). The calculated IVDE of diet was predicted according to the determined IVDE of individual ingredients and their concentrations in the diet. The additivity of IVDE was tested by evaluating the difference between determined and calculated IVDE values of CSM, CCM, and CSCM. Experiment 3. A subset of 16 ingredients were randomly selected for calibration samples, including 4 grains (corn A, B, and C and wheat B), 7 common protein meals (soybean meal A and B, cottonseed meal A and B, rapeseed meal A and B, and sunflower meal), 1 grain processed byproduct (DDGS) and 4 other ingredients (cassava, coconut meal, palm meal, and sesame meal; Table 1 ). The AME, TME, and IVDE values of calibration samples were determined. Models were developed to predict AME and TME from IVDE. The difference between predicted and determined AME or TME was evaluated for the accuracy of predicted values.
Experiment 4. To validate AME and TME prediction equations, 6 ingredients (wheat A, sorghum, fishmeal, peanut meal, and rice gluten meal A and B; Table 1 ) and 4 diets were selected (CSM, CCM, CSCM, and SSCM; Table 2 ). The concentrations of AME, TME, and IVDE were determined for all validation samples. The predicted AME and TME of validation samples were calculated from IVDE according to the prediction equations established in Exp. 3. The linear regressions of determined and predicted values for AME and TME were evaluated to validate the prediction models. The differences between predicted and determined values for AME or TME were calculated to test the accuracy of prediction models.
The Apparent Metabolizable Energy and True Metabolizable Energy Determination
The AME and TME concentrations of feed ingredients and diets were determined (Wen's Food Group Co. Ltd.). Three separate trials were conducted under similar conditions to determine the concentrations of AME and TME in 22 ingredients and 4 complete diets. Two hundred eighty-eight 18-wk-old Chinese Yellow roosters (Guangxi Yellow 2; BW = 2.8 ± 0.1 kg; Wen's Food Group Co. Ltd.) were randomly divided into 12 groups of 24 roosters. Each group contained 6 replicates of 4 roosters per replicate. Roosters were placed in individual cages (0.50 by 0.42 by 0.55 m) in an environmentally controlled room (25°C) with 12 h of light per day. Two of the 12 groups were used to determine endogenous energy losses (EEL), and each of the 10 remaining groups was used to determine the AME and TME concentrations of 1 ingredient. After the AME and TME determinations of the first 10 samples were conducted, there was a 14-d rest period when roosters were provided with free access to water via a suspended nipple drinker line and a commercial diet. Then, the same 288 roosters were randomly reassigned into 12 groups of 24 birds (6 replicates of 4 roosters) to determine EEL and the AME and TME of the next 10 samples. Finally, following a 14-d rest period, 168 of the same 288 roosters were randomly selected and assigned into 7 groups of 24 roosters (6 replicates of 4 roosters) to determine EEL and the AME and TME of remaining 2 ingredients and 4 diets.
The AME and TME of each ingredient were determined using force feeding and total collection of excreta (Ren et al., 2012b) . After acclimatization (3 d) and feed withdrawal (48 h), the roosters were force fed with 40 g of meal to determine AME. However, roosters for determining EEL continued to be deprived of feed for 48 h to correct AME to TME. Excreta was collected for 48 h according to methods described by Adeola et al. (1997) and dried at 65°C in an oven for 48 h and stored until analysis for the DM and GE concentrations. Corn, wheat, cassava, palm meal, and sorghum were fed as the only dietary ingredient, but soybean meal, cottonseed meal, rapeseed meal, sunflower meal, DDGS, coconut meal, sesame meal, fishmeal, peanut meal, and rice gluten meal were tested as part of a complete diet (60% corn starch + 40% test ingredient). 
The In Vitro Digestible Energy Determination
Simulated Digestive Fluid and Buffer Solution. The IVDE values of 22 feedstuffs and 4 diets were determined at the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences. Simulated gastric fluid was made of 1,550 U/mL pepsin (Sigma 10070; Sigma-Aldrich Co., St. Louis, MO) to match the in vivo activity of pepsin in gastric fluid of roosters described by Sturkie (1976) . The concentrated simulated small intestinal fluid (CSSIF) used for in vitro intestinal digestion was prepared with 4,730 U/mL of amylase (Sigma A3306; Sigma-Aldrich Co.), 550 U/mL of trypsin (Amresco 0785; Amresco Inc., Solon, OH), and 154 U/mL of chymotrypsin (Amresco 0164; Amresco Inc.). The activity of enzymes in this CS-SIF was equal to 11 times of that in the intestinal fluid of Chinese Yellow roosters (Ren et al., 2012a) . At the beginning of in vitro intestinal digestion, 2 mL of CS-SIF was injected into a digestion chamber (Fig. 1) . The CSSIF was diluted by 20 mL residual simulated gastric fluid, which changed to neutral pH after 3 wash procedures during in vitro gastric digestion. Thus, the activities of amylase, trypsin, and chymotrypsin in the solution for in vitro intestinal digestion were equivalent to those in small intestinal fluid of roosters.
The gastric buffer solution was composed of 16.9 mmol/L of NaCl, 9.6 mmol/L of KCl, and 10 mmol/L of HCl to match the in vivo ionic concentration of gastric fluid from roosters (Sturkie, 1976) , and the pH was adjusted 2.0 at 41°C by adding 200 mmol/L of HCl. The upper small intestinal buffer solution was prepared with 35.9 mmol/L of NaCl, 11.5 mmol/L of KCl, 160 mmol/L of NaH 2 PO 4 , and 40 mmol/L of Na 2 HPO 4 to match the in vivo ionic concentration of upper small intestinal fluid from roosters (Ren et al., 2012a) , and the pH was adjusted to 6.55 at 41°C by adding 200 mmol/L of NaOH. The lower small intestinal buffer solution was composed of 35.9 mmol/L of NaCl, 11.5 mmol/L of KCl, 20 mmol/L of NaH 2 PO 4 , and 180 mmol/L of Na 2 HPO 4 to match the in vivo ionic concentration of lower small intestinal fluid from roosters (Ren et al., 2012a) , and the pH was adjusted to 8.12 at 41°C by adding 200 mmol/L of NaOH.
In Vitro Digestion. A continuous gastrointestinal CC-SDS was designed to automatically change of enzymatic digestion conditions from gizzard to intestinal, automatically inject CSSIF after gastric digestion, maintain low concentrations of digestion products during digestion, and completely clear the low molecular weight (≤14,000 Da) digestion products after gastric and intestinal digestion (Fig. 2) . The digestion chamber consisted of a transparent glass tube with dialysis tubing, 2 silicone plugs, and a 1-way valve (Fig. 1) . The glass tube contained a barrel (14 cm in length, 3.6 cm internal diameter, and 4 cm external diameter), 2 standard ground glass ports (1.9 cm internal diameter), an entry, and an exit (1.5 cm in length, 0.6 mm internal diameter, and 1 cm external diameter) for solution. The entry and exit apertures were located on opposite ends of the barrel, 1 cm from the junction of the barrel and ground glass port. Before preparation of the digestion chamber, dialysis tubing (Membra-cel MD 44-14; Viskase Companies Inc., Darien, IL) with a diameter of 2.8 cm was cut into lengths of 25 cm and treated with a solution of 0.2% (wt/vol) NaHCO 3 and 1 mmol/L of EDTA at 100°C for 10 min to remove glycerin and sulfur compounds. Subsequently, tubing was washed with deionized water, treated with a solution of 1 mmol/L of EDTA at 100°C for 10 min, and soaked in distilled water at 4°C before usage. The treated dialysis tubing was inserted into the digestion chamber and secured outside the ground glass ports with rubber bands. After 1 end was sealed with a silicone plug, the feed sample and simulated gastric fluid were added into the opposite end of the dialysis tubing, which was subsequently sealed with a silicone plug containing a small silicone tube connected to a unidirectional valve. The sequential digestion and absorption of gizzard and intestine digestion chamber was simulated by changing the external buffer solution and the internal digestive fluid of the dialysis tubing.
The proposed CCSDS is schematically shown. Two grams of grains, or 2 g of complete diets, or 1 g of nongrain ingredients and 20 mL simulated gastric fluid was added into dialysis tubing within the digestion chamber Figure 2. Schematic diagram of computer-controlled simulated digestion system for rooster. 1 to 10: electronic value and 11 to 13: peristaltic pump. CS-SIF = concentrated simulated small intestinal fluid; GB = gastric buffer; LSIB = lower small intestinal buffer; SCM = single-chip microcomputer; USIB = upper small intestinal buffer; WB = wash bottle. (Fig. 1) . Five replicate digestion chambers with solution entry downward were combined by connecting the solution entry of each chamber to the solution exit of the adjacent chamber with silicone tubes. Chambers were fixed on a platform and placed in a shaking incubator. The solution entry of the first digestion chamber was connected to a peristaltic pump (number 11 in Fig. 2 ) for buffer solution. The solution exit of the fifth digestion chamber was connected to a decompression tube by a silicone tube. The 1-way valve of each digestion chamber was connected to a multiple-channel peristaltic pump (number 13 in Fig. 2 ) by small silicone tubing allowing for injection of CSSIF. Three jugs containing 1 L each of gastric buffer solution, upper small intestinal buffer solution, and lower small intestinal buffer solution were placed in a water bath incubator. A wash bottle was connected to a 25 L bucket by a peristaltic pump (number 12 in Fig. 2 ). After tubes were connected as shown in Fig. 2 , 2 mL CSSIF was added into each of 5 small bottles stored at 4 to 8°C. The in vitro digestion procedure was automatically conducted by the CCSDS software (Institute of Animal Sciences, Chinese Academy of Agricultural Sciences). During in vitro digestion, 41°C was maintained via the shaking incubator set to 180 rpm enabling the sample and digestive fluid to mix. For gastric digestion, electronic valves 1 and 2 were opened for circular pumping of gastric buffer solution (120 mL/min; number 11 in Fig. 2) into digestion chambers for 4 h followed by valve closure. An emptying procedure was conducted, during which electronic valves 9 and 10 were opened to allow the peristaltic pump to remove (120 mL/min; number 11 in Fig. 2 ) solution into the wash bottle. Subsequently, 3 replicated wash procedures were done, each consisting of 1,500 mL of deionized water delivered into the wash bottle by the peristaltic pump (420 mL/min; number 12 in Fig. 2 ) by opening the electronic valves 7 and 8. Water was circularly pumped (120 mL/min; number 11 in Fig. 2 ) into the digestion chamber for 40 min followed by emptying. Subsequently, electronic valves 3 and 4 were opened to allow pumping of the upper small intestinal buffer solution (120 mL/min; number 11 in Fig. 2 ) into digestion chambers. After circulation of upper small intestinal buffer solution for 30 min, 2 mL CSSIF was injected into each digestion chamber by peristaltic pump (1.5 mL/min; number 13 in Fig. 2) . The upper small intestinal buffer solution then continued to circulate for 7.5 h followed by closure of valves 3 and 4 to initiate an emptying procedure. Finally, electronic valves 5 and 6 were opened and the lower small intestinal buffer solution was circularly pumped (120 mL/min; number 11 in Fig. 2 ) into digestion chambers for 7.5 h followed by closure of valves 5 and 6 to commence an emptying procedure. Subsequently, 6 replicated wash procedures were done, as previously described.
After simulated digestion, undigested residues were transferred to a preweighed vessel and dried overnight at 65°C, after which they were dried at 105°C for 5 h to constant weight. Next, the dry residues were transferred to a preweighed sintered glass crucible (G4) to extract fat by 45 mL ethanol for 4 times. Lastly, the defatted residues along with the crucible were dried at 105°C for 5 h to constant weight.
Chemical Analysis
Samples of excreta, ingredients, and diets were ground to pass through a 0.3-mm mesh screen in a laboratory mill before analysis. The DM content (method 934.01; AOAC, 1990) of the ingredients, diets, excreta, and residues were determined after drying in an oven (105°C) for 5 h. The concentration of GE in the feed ingredient, diet, excreta, and residue samples was analyzed by adiabatic calorimeter (Parr 1281; Parr Instrument Co., Moline, IL). Benzoic acid was used as the calibration standard. Feed ingredients and diets were analyzed for CP (Kjeldahl N; method 954.01; AOAC, 1990), crude fiber (method 962.09; AOAC, 1990) , and ether extract (method 920.39; AOAC, 1990) content.
Calculation and Statistical Analysis
The AME and TME of grain ingredient, cassava, coconut meal, palm meal, and diet were calculated as follows: AME = (energy intake -energy output)/feed intake and TME = (energy intake -energy output + EEL)/feed intake. The AME and TME of plant protein ingredient, DDGS, sesame meal, fishmeal, peanut meal, and rice gluten meal were calculated according to difference approach as follows: AME = (AME t -AME b × b)/(1 -b) and TME = (TME t -TME b × b)/(1 -b), in which AME t and TME t were the AME and TME of the complete diet (basal diet plus the ingredient), respectively, AME b and TME b were the AME and TME of the basal diet, respectively, and b was the proportion of the basal diet in the complete diet.
The IVDE was calculated using the following formula: IVDE = [(sample DM weight × sample GE) -(defatted residue DM weight × defatted residue GE)]/sample DM weight. Repeatability was tested by comparing the IVDE of the same feed ingredient in 3 repeated assays. The ANOVA procedure of SAS (SAS Inst. Inc., Cary, NC) was used to test the fixed effect of assay. Additivity was tested by comparing the difference between determined and calculated IVDE of the complete diet using TTEST procedure (SAS Inst. Inc., Cary, NC), in accordance with methods for testing TME additivity (Sibbald, 1977; Hong et al., 2001) .
The 16 calibration samples were considered as an experimental unit for linear regression analysis. The REG procedure of SAS was used to develop regression models to predict the AME and TME based on IVDE. Lack-offit of linear regression was tested with GLM procedure of SAS. Residual standard deviation (RSD) was used as to indicate quality of the prediction model as described by Kaps and Lamberson (2004) . Validation of prediction models was conducted by fitting a simple linear regression of determined values (dependent variable) on predicted values (independent variable) for AME and TME of 10 validation samples. The REG procedure with the TEST option of SAS was used to evaluate the null hypothesis that the intercept was 0 and slope was 1. Statistical acceptance of the null hypothesis indicated no difference between observed values and those predicted from models developed in the calibration experiment, as described by Alvarenga et al. (2011) .
RESULTS AND DISCUSSION

Repeatability of In Vitro Digestible Energy Determined with the Computer-Controlled Simulated Digestion System
Repeatability is critical to ensure reliability of a new method. A smaller difference between repeated measurements indicates better repeatability, and the CV is a statistical measure of precision. In 3 assays (Table 3) , the IVDE of corn ranged from 3,701 to 3,714 kcal/kg of DM (mean = 3,706 kcal/kg of DM) and the CV ranged from 0.20 to 1.14%. The IVDE of wheat ranged from 3,621 to 3,643 kcal/kg of DM (mean = 3,631 kcal/kg of DM), and the CV ranged from 0.33 to 0.54%. The mean IVDE of rapeseed meal and cottonseed meal were 2,580 and 2,052 kcal/kg of DM, with ranges from 2,562 to 2,611 and 2,042 to 2,063 kcal/kg of DM, respectively. The CV of IVDE of rapeseed meal and cottonseed meal ranged from 0.73 to 2.14 and 0.54 to 1.26%, respectively. No difference in IVDE was observed among the 3 assays for the same feed ingredient, indicating a good repeatability of the IVDE values in different assays. The mean CV of IVDE of 4 ingredients was 0.88%, which was much less than that reported for manual in vitro digestion procedures for roosters (CV = 2.23%; Valdes and Leeson, 1992) , swine (CV = 1.98%; Regmi et al., 2008) , and rabbits (CV = 1.73%; Carabaño et al., 2008) . The considerably lower CV indicates the use of CCSDS substantially improved the repeatability of IVDE determinations. The CV of IVDE observed in the present study was similar to those reported for measuring DM (CV = 1.27%) and GE (CV = 1.29%) concentrations of feed (Bourdillon et al., 1990 ) but was lower than that of AME determined using Europe reference method (CV = 2.92%; Bourdillon et al., 1990) and TME determined using tubefeeding method (CV = 1.60%; Ren et al., 2012b,) . This evidence indicates that the repeatability of IVDE determined by CCSDS is acceptable for routine use in feed evaluation.
Additivity of In Vitro Digestible Energy Determined with the Computer-Controlled Simulated Digestion System
A fundamental assumption in feed formulation is that the nutrient content of individual ingredients adjusted for dietary content sum to the nutrient specifications of a mixed diet. Such additivity is also an essential feature of AME or TME determination for poultry feed (Dale and Fuller, 1980) . In the present study, the determined IVDE values of CSM, CCM, and CSCM ranged from 10 to 21 kcal/kg greater than calculated values (Table 4) . However, these differences were small in magnitude, and none were statistically significant, indicating that IVDE determined by CCSDS are additive for corn, soybean meal, and cottonseed meal. Deviations between determined and calculated IVDE of 3 complete diets ranged from 0.28 to 0.57% (Table 4) , which was similar to that of TME determined by in vivo bioassay for roosters (Ren et al., 2012b) but less than that of TME determined by conventional in vivo bioassay for roosters (Dale and Fuller, 1980) and duck (Hong et al., 2001) . Our results indicate that the additivity of IVDE determined by CCSDS is acceptable. This unique CCSDS has satisfied the fundamental consid- erations of repeatability and additivity, components that are critical for new analytical methods. Therefore, this method may be used to efficiently determine the IVDE of feed for roosters.
Developing Apparent Metabolizable Energy and True Metabolizable Energy Prediction Models by In Vitro Digestible Energy
In addition to simplicity, rapidity, repeatability, and additivity, a good correlation between in vitro and in vivo results is necessary to calibrate and validate novel in vitro digestion techniques (Boisen and Eggum, 1991) . In 16 calibration samples of feedstuffs, the mean AME and TME determined by in vivo bioassay were 2,439 and 2,952 kcal/kg of DM, with ranges from 1,365 to 3,540 and 1,850 to 4,024 kcal/kg of DM, respectively (Table  5 ). The mean IVDE was 2,796 kcal/kg and ranged from 1,618 to 3,806 kcal/kg. The wide range of AME or TME in 16 calibration samples was due to high digestibility of grain ingredients, medium digestibility of common protein meals, and low digestibility of unconventional ingredients, which has been reported previously (NRC, 1994; Sauvant et al., 2004) . The ratio of mean TME to AME was 1.21, which was slightly greater than that reported by Muztar and Slinger (1981) , because there was less endogenous energy from the shorter excreta collection time (24 h) in previous tube-feeding method (Sibbald, 1976) . Similarly, the ratio of mean TME to IVDE was 1.06, which was very close to that of TME to classical nitrogencorrected AME in corn and soybean meal (Muztar and Slinger, 1981) , indicating that CCSDS simulates the main digestion processes in roosters.
Regression analysis showed linear relationships between AME and IVDE and between TME and IVDE (P < 0.001; Fig. 3 and 4) , and all lack-of-fit of linear models were not statistically significant. These results indicate an exceptionally strong relationship (R 2 > 0.96) between AME or TME and IVDE concentrations. In fact, our results indicate that less than 4% of the observed variation in the AME or TME concentration of calibration samples results from factors other than IVDE.
The RSD can be used to evaluate the accuracy of prediction models. The accuracy of predicting AME or TME from IVDE may be affected by the range of AME or TME in calibration samples because the degree of variation in the AME or TME directly corresponds to the RSD (Carré, 1990 ). In the present study, the RSD for AME (146 kcal/kg of DM) and TME (148 kcal/kg of DM) prediction models were similar to the RSD reported for an AME prediction model based on the IVDE of 11 rooster diets (145 kcal/kg of DM; Clunies et al., 1984) . However, the range of AME of our 16 calibration samples exceeded that of the 11 rooster diets (1,365 to 3,540 vs. 2,398 to 3,356 kcal/kg of DM), resulting in greater accuracy of our prediction model compared to that of Clunies et al. (1984) . The RSD in the present study was less than that reported for an AME prediction model based on IVDE of 71 rooster diets (RSD = 152 kcal/kg of DM), with AME ranging from 2,120 to 3,339 kcal/kg of DM (Valdes and Leeson, 1992) . The present RSD was substantially less than that reported for predicting the AME of 9 feed ingredients, including grains, soybean meals and grain processed byproduct (RSD = 380 kcal/kg of DM), with AME ranging from 2,491 to 3,770 kcal/kg of DM (Valdes and Leeson, 1992) . These results indicate that the accuracy of AME and TME prediction models in the present study exceed those of conventional in vitro digestion procedures reported by Clunies et al. (1984) and Valdes and Leeson (1992) . Our RSD was substantially less than those found with the popular in vitro digestion procedure developed by Boisen and Fernández (1997) to predict the AME of 94 starchy grains and cereal byproducts (RSD = 265 kcal/kg of DM) or 52 oil seeds or oil seed byproducts (RSD = 379 kcal/kg of DM) for roosters (Losada et al., 2009 (Losada et al., , 2010 . Therefore, we conclude that the accuracy of AME prediction model developed with CCSDS exceeds that of the manual in vitro digestion procedures reported by Boisen and Fernández (1997) .
To further evaluate the accuracy of our models, the predicted values were compared with the determined AME and TME values. The mean difference among repeated assays of the same feed was 185 kcal/kg of DM for AME determined with in vivo bioassay (Bourdillon et al., 1990) or 3% of relative errors for TME Fuller, 1980, 1986) . A difference between determined and predicted 1 Values are mean of 5 replicates per sample and expressed as mean ± SD. 2 CSM = corn-soybean meal diet; CCM = corn-cottonseed meal diet; CSCM = corn-soybean meal-cottonseed meal diet.
3 Values are calculated according to the determined IVDE of individual ingredients and their concentrations in the diet. 4 Values are calculated as (determined -calculated)/determined ×100%. 3 Determined with 24 roosters for each sample and expressed as mean ± SD. 4 Values are calculated based on AME = 1.062 × IVDE -530 (R 2 = 0.97, P < 0.001).
5 Values are calculated based on TME = 1.050 × IVDE -16 (R 2 = 0.97, P < 0.001).
6 DDGS = dried distiller's grains with solubles.
7 RSD = residual standard deviation. . Linear model to predict apparent metabolizable energy (AME) from in vitro digestible energy (IVDE) of 16 calibration samples including 4 grains (3 sources of corn and 1 of wheat), 7 common protein meals (2 sources of soybean meal, 2 sources of cottonseed meal, 2 sources of rapeseed meal, and 1 source of sunflower meal), 1 grain processed product (distiller's dried grains with solubles), and 4 other ingredients (1 cassava, 1 coconut meal, 1 palm meal, and 1 sesame meal). Apparent metabolizable energy values were determined with 24 roosters for each sample and expressed as mean ± SD, and IVDE values were the mean of 5 replicates per sample. RSD = residual standard deviation. AME of less than 100 kcal/kg of DM has been considered an acceptable accuracy for published in vitro digestion procedures (Valdes and Leeson, 1992) . The difference between determined and predicted values for AME was less than 100 kcal/kg of DM (Table 5) for 10 of the 16 (62.5%) calibration samples; 4 (25%) differences ranged from 100 to 200 kcal/kg of DM and only 2 (12.5%) differences exceeded 200 kcal/kg of DM. In total, differences between determined and predicted AME of were less than 200 kcal/ kg of DM for a substantial portion (87.5%) of calibration samples. In comparison, Valdes and Leeson (1992) reported differences of less than 100 and 200 kcal/kg of DM in 42.2 and 70.4% of diet samples, respectively. Samples with differences less than 100 kcal/kg of DM encompassed various ingredient types (grains, soybean meal, DDGS, sunflower meal, cottonseed meal, and rapeseed meal), indicating that our assay is accurate for a range of ingredients.
The difference between determined and predicted TME was less than 100 kcal/kg of DM for 9 of the 16 (56.3%) samples, which included grains, soybean meals, DDGS, sunflower meal, and rapeseed meal, supporting the validity of our unique in vitro assay. Furthermore, differences ranged from 100 to 200 kcal/kg of DM in 5 (31.3%) samples and 2 (12.5%) differences were greater than 200 kcal/kg of DM.
Correlations between AME and IVDE or between TME and IVDE are dependent on both the simulation of in vivo digestion and the precision of determination. In the present study, the mean CV of repeatedly determined IVDE, AME, and TME for the same sample were 0.75, 5.03, and 3.93%, respectively (Table 6) , indicating greater precision for measuring IVDE than AME and TME. Similar results have been found when measuring in vitro DM digestibility and IVDE of feed for pigs (Regmi et al., 2008) . In the present study, 4 grains showed the CV of less than 0.50, 2.89, and 2.40% for IVDE, AME, and TME, respectively, and the differences between determined and predicted values for AME and TME were less than 67 kcal/kg of DM. These results indicate the good accuracy of using CCSDS to predict the AME and TME of grains. However, for plant-based protenaceous ingredients (e.g., DDGS, soybean meal, sunflower meal, cottonseed meal, and rapeseed meal), the CV of less than 1.27, 6.16, and 4.70% were observed for IVDE, AME, and TME, respectively, and differences between determined and predicted values were less than 107 kcal/kg of DM. Cottonseed meal B and rapeseed meal B had exceptionally high CV for AME, TME, and IVDE relative to other samples, and differences between determined and predicted values ranged from 194 to 265 and 131 to 180 for AME and TME, respectively. These results indicate the accuracy of predicted AME or TME is acceptable when the precision of the AME or TME is satisfactory. Therefore, our results indicate that the accuracy of predicted AME or TME is questionable with unacceptable precision of AME or TME determination. Interestingly, the precision of IVDE, AME, and TME determination was acceptable for cassava (CV ≤ 2.03%), but the differences between predicted and determined values were 247 and 338 kcal/kg of DM for AME and TME, respectively, implying that the relationship between in vitro and in vivo digestion of cassava is not in consistent with other samples.
Validation of Apparent Metabolizable Energy and True Metabolizable Energy Prediction Models
To validate the CCSDS, the determined and predicted values for AME and TME of 10 validation samples were obtained by in vivo bioassay and the prediction models were developed in Exp. 3, respectively. Differences between determined and predicted values were less than 100 kcal/kg of DM for 3 and 4 of 6 ingredient samples for AME and TME, respectively, and differences less than 25 kcal/kg of DM were found for all diets (Table 7) . The RSD were 110 and 98 kcal/kg for AME and TME, respectively, which were less than the prediction models developed in the Exp. 3. This result indicates the accuracy of predicted AME and TME of validation samples exceeds that of calibration samples. Linear regression of predicted and determined values revealed that the intercepts did not differ from 0 (P = 0.2621 and P = 0.1445 for AME and TME, respectively) and slopes did not differ from 1 (P = 0.1766 and P = 0.1094 for AME and TME, respectively; Table 7 ). This result indicates the observed AME and TME values of 10 validation samples are equivalent to those predicted by our model. Therefore, it can be concluded that there are similar relationships between AME and IVDE and between TME and IVDE in validation samples to these in calibration samples. The CV of IVDE, AME, and TME determination were less than 0.91, 3.58, and 3.15%, respectively, for 7 out of 10 samples, and differences between determined and predicted values were less than 100 kcal/kg of DM for AME and TME (Table 8) . Peanut meal had the greatest CV of the 10 validation samples (CV = 1.45, 6.13, and 5.05% for IVDE, AME, and TME, respectively), and differences between determined and predicted values were 111 and 51 kcal/kg of DM for AME and TME, respectively. However, CV were less than 0.43, 3.79, and 3.37% for IVDE, AME, and TME, respectively, for 2 rice gluten meal samples, but differences between predicted and determined values exceeded 140 kcal/kg of DM for AME and TME, indicating a poor relationship between in vitro and in vivo digestion of rice gluten meal.
In conclusion, our results showed that a new in vitro digestion method can successfully predict the energetic value of ingredients and complete diets for roosters. Repeatability and additivity were acceptable for IVDE determined by CCSDS. In the total of 26 samples, the AME and TME values were accurately predicted for a variety of ingredients and complete diets, but AME and TME values were not accurate for some ingredients (e.g., cottonseed meal B, rapeseed meal B, coconut meal, palm meal, sesame meal cassava, and rice gluten meal), indicating further improvements are needed to successfully use our in vitro digestion method for these feed ingredients. 2 Values are calculated based on AME = 1.062 × in vitro digestible energy (IVDE) -530 (R 2 = 0.97, P < 0.001).
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3 Values are calculated based on TME = 1.050 × IVDE -16 (R 2 = 0.97, P < 0.001).
4 CSM = corn-soybean meal diet; CCM = corn-cottonseed meal diet; CSCM = corn-soybean meal-cottonseed meal diet; SSCM = starch-soybean meal-cottonseed meal diet.
5 RSD = residual standard deviation.
6 Regression of determined values on predicted values for AME or TME. 
